Abstract-A circular sector patch antenna loaded with a periodic metamaterial topology is presented. Several shapes of the circular sector patch are analyzed, and the input impedances and radiation patterns are compared. The topology reveals a nearly constant resonant frequency at zeroth-order resonance (ZOR) while the radiation performance approaches the one of the ZOR full circular patch antenna. Compared with rectangular and circular patch antennas, the sector patch offers more tuning possibilities. A matching network can be easily introduced to enhance the impedance bandwidth. Apart from the ZOR characteristics, this topology can also support a quasi-monopolar pattern at multiple modes. A semicircular patch operating at 4.1 GHz together with an impedance matching network and a dual-band semicircular patch antenna are fabricated and measured.
INTRODUCTION
Flexible and compact antennas are becoming more important in portable devices such as mobile phones, laptops, GPSs, etc. The size of the antenna needs to be miniaturized while keeping the shape of the antenna flexible in order to suit different needs of the system. A lot of work has been done to realize Electrically Small Antennas (ESA), like the planar inverted-F antenna (PIFA), the meander transmission line antenna, and the loaded microstrip antenna [1] [2] [3] [4] [5] .
In the recent decade, the application of metamaterials in antennas has invoked increasing interest. A metamaterial is a kind of artificial periodic structure with unique properties, which are not or hardly found in nature [6, 7] . As a kind of planar metamaterial, composite right/left handed transmission lines (CRLH-TL) [8] are widely used in antenna and circuit design, since it is easy to fabricate them on standard printed circuit board (PCB) [9] . A hotspot research field is the operation of the antenna at zeroth-order resonance (ZOR), where the wavelength is infinite, so that its operating frequency is independent of its physical size [8, 9] . The ZOR antenna can be designed much smaller than half a wavelength, enabling a very compact size [10, 11] , or much larger than half a wavelength, in order to reach high directivity [12] . The CRLH-TL can also be used to design dual-band/multi-band antennas [13] , circularly polarized antennas [18] , and reconfigurable antennas [19] , using their different resonant modes. Recently, the concept of CRLH TL has been introduced for coplanar waveguides (CPW) [20] [21] [22] , and substrate integrated waveguides (SIW) [23, 24] , which results in features like wide bandwidth and high efficiency.
While most of the antennas presented in literature are based on the linear CRLH-TL with mushroom structure, a radial topology is also possible. In [25] a circuit model for the radial CRLH-TL structure is introduced and a circular patch antenna loaded with a CRLH-TL is analyzed. The size of the antenna is further miniaturized in [26] . A significant advantage of the circular patch is that it can provide an extremely symmetric radiation pattern. In this paper, the circular sector patch antenna loaded with a metamaterial is discussed. It will be shown that for this type of sector antenna the resonant frequency of the ZOR mode is almost the same as in the case where the whole circle is used. First of all, this can help to further reduce the size of antenna. Second, the space that becomes available can be used to introduce an impedance matching network in order to provide a wider bandwidth compared to the full circular patch antenna. The proposed radial patch structure can also serve as a basis for dual-band or multi-band antennas featuring different modes. Since the feeding point is located at the center, the whole working band shows a quasi-omnidirectional radiation pattern. The frequency ratio can be freely selected by tuning the interdigital capacitors.
In Section 2, the basic structure, i.e., the complete circular patch antenna, is briefly overviewed. In Section 3, several circular sector patch antennas are numerically compared for their resonant frequencies, input impedances, radiation efficiencies, and directivities. Section 4 discusses a feeding circuit for impedance matching of a semicircular patch and one design is fabricated and measured. The dual-band antenna is discussed in Section 5.
CIRCULAR PATCH ANTENNA
A typical mushroom CRLH-TL circular patch antenna topology is shown in Fig. 1(a) . The slots between the rings provide the series capacitances and the metallic pins supply the shunt inductances for the transmission line. The series inductances and shunt capacitances are induced by the equivalent distribution parameters of the transmission line itself [8] . In order to obtain a quasi-homogeneous medium, all the unit cells (rings) have the same width. The pins are positioned in the geometric center of each ring, and the number of pins in each unit cell is directly proportional to the size of the ring [25] . The CRLH-TL can be recognized as a double negative metamaterial, which can form negative modes. An alternative, the inductor loaded structure, is displayed in Fig. 1(b) . This structure only differs from the CRLH-TL ( Fig. 1(a) ), by the fact that the slots between the unit cells are absent. This inductor loaded structure is in essence a kind of epsilon negative metamaterial. It has similar radiation characteristics at the ZOR mode and the positive modes. However, it cannot support the negative modes. Both the CRLH-TL and inductor loaded structure can be analyzed based on the concept of a radial transmission line topology. A circuit model already has been proposed in [25] . 
CIRCULAR SECTOR PATCH ANTENNA
For a circular patch antenna operating in ZOR mode, the electric field under the patch is nearly constant in both the azimuthal and the radial direction. It is reasonable to assume that just a sector of the circular patch can also support the same ZOR mode as the circular patch.
In the following, we will analyze the circular sector patch antennas shown in Fig. 2 . The substrate used is Rogers RO 4003 (ε r = 3.55, tan δ = 0.0027) with thickness 1.524 mm, and the width of each unit cell is 10 mm (r 1 = r 2 /2 = r 3 /3). The width of the gap between the copper rings is 0.3 mm, and the number of the pins in the unit cells is given in Fig. 2 . The diameter of the pins is 0.5 mm. The antennas are fed by a probe in the center of the circle. In all structures, the size of the substrate and the ground is 120 × 120 mm 2 , and the center points of all the sectors are located in the center of the substrate. The minimum distance from the patch to the edge of the substrate is 30 mm, which is larger than a half wavelength at the operating frequency.
CST microwave studio was used to perform a numerical analysis of all sector patch antennas in Fig. 2 , working in the ZOR mode. Table 1 compares the resonant frequencies, input impedances, radiation efficiencies, and directivities. Fig. 1(b) 4.435 22.9+j115.2 −0.52 5.6 * The shapes of the circular sector patches loaded with the inductor loaded structures are almost the same as in Fig. 2 , but without slots, as depicted in Fig. 1(b) .
First of all, it is important to note that, although there is a large variation in antenna size, all resonant frequencies are nearly the same. The maximum difference is about 10%, both for the CRLH and inductor loaded antennas. This characteristic of the ZOR antenna gives engineers quite some freedom to choose the shape of the antenna in a dedicated way for a specific compact system. The efficiency of the antennas remains at a high level even with decreasing size. The directivities are higher than the one for the full circle. This is due to the fact that the radiation patterns become asymmetric, which is caused by the loss of the circular symmetry of the patch itself. The highest directivities are found for the b and c structures. The only parameter changing considerably is the input impedance. The input impedance is continuously increasing as the size is decreasing. This means that special feeding methods, including an impedance matching, are needed.
It was also clearly observed that the effect of other physical parameters (e.g., the number of unit cells, the width of the unit cells, the number of pins, etc.) on the antenna characteristics is similar as in case of the whole circular patch antenna, see [25] .
SEMICIRCULAR PATCH WITH MATCHING NETWORK
All the topologies in Fig. 2 can be used as the radiator. However, in real applications the symmetry of the radiation pattern has to be considered. In this section the design flow for the matching network of a semicircular patch is given. The same concept can be used for the other topologies of Fig. 2 . Table 1 shows that the input impedance is far from 50 Ω, which means that an impedance matching network is indeed necessary in order to feed power efficiently. In [25] , coaxial cable feeding from the back of the antenna is used, with a slot near the feeding point for impedance matching. In this paper a microstrip feeding line is used. It can provide more bandwidth than the coaxial feeding. Figure 3 (a) shows the details of the feeding network used. An interdigital capacitor and an additional transmission line provide the matching. For different circular sectors, different values for the capacitor have to be used. This can be reached by changing the number, width, spacing and length of the fingers, and the width and length of the transmission line. The genetic algorithm integrated in CST is used to optimize this matching network in order to obtain the smallest possible return loss. A semicircular sector patch is used to illustrate the topology. The optimium dimensions are discribed in Fig. 3(a) and Table 2 . A prototype was fabricated and is shown in Fig. 3(b) . The reflection coefficient of the prototype is measured with an Agilent Vector Network Analyzer 8510. The simulated and measured results are displayed in Fig. 3(c) . The order of a mode can be uniquely determined based on the field distribution. A significant ZOR resonance can be observed. However, the measured result (4.109 GHz) shows a noticeable shift to lower frequencies compared to the original simulations. The reason is that the metallic wires used as vias are narrower than the diameters of the holes in the PCB, and that the soldering tin cannot fill the gaps between wires and holes completely. Using the real diameter of the wires in the simulation, i.e., 0.45 mm, the result agrees much better, as shown in Fig. 3(c) . Meanwhile, a small resonance can also be observed around 3.462 GHz, which corresponds to the n = −1 mode. The n = −2 mode can hardly be seen due to mismatching. Table 2 . The parameters of the feeding network (Unit: mm). The simulated z component of the electric field (E z ) is shown for the n = −1 and the ZOR mode in Fig. 4 . For the n = −1 mode (3.462 GHz), E z has a standing wave behavior in the radial direction from the center of the patch to the edge. For the n = 0 mode (4.110 GHz), the field distribution is totally different. The electric field is nearly constant under the patch, in both azimuthal and radial direction, which is characteristic for the ZOR mode.
The far field of the antenna was measured in the anechoic chamber of KU Leuven. The radiation pattern of the ZOR mode is shown in Fig. 5 . The measured results agree well with the simulated ones. The only difference is the back radiation, which is caused by the presence of the feeding coaxial cable in the measurement set-up. The semicircular sector patch shows a vertical polarization and a quasimonopolar pattern in the x-y plane. The omnidirectionality is not as good as for the circular patch. On the z-axis, the θ component of the electric field is zero, as in the case of a monopole. The maximum radiation level is observed at about θ = 40 • and ϕ = 90 • . Several other important parameters of the antenna are given in Table 3 . The cross polarization in the y-z plane is mainly due to the feeding lines. 
DUAL-BAND SEMICIRCULAR PATCH ANTENNA
It has been shown in Fig. 3 that the CRLH-TL antenna can support a dual-band behavior. However, two issues need to be studied: one is the tuning of the frequency ratio; the other is the impedance matching. Here, interdigital capacitors are introduced to replace the series slot capacitors, see Fig. 6(a) . By changing the number, length and width of the fingers, the left-handed capacitor (C L ) can be easily adjusted to control the tuning of the frequency ratio. Fig. 6 (b) shows the resonant frequency for different lengths of the capacitor fingers. The radius of the whole patch (R) is fixed at 40 mm. As the ratio of Sl and r 1 is increasing, the resonant frequency of the ZOR mode only slightly decreases, since it is not related to the left-handed capacitors (C L ), as explained in [25] . However, the resonant frequencies of the other two (negative) modes are decreasing, as C L becomes larger. By tuning the shape of the patch (sl/r 1 ), the frequency ratio of the modes can be easily adjusted. After obtaining the required frequency ratio, the double stub tuning method can be used to form a matching network. An example is displayed in Figs. 7(a) and 7(b) , in which r 1 and sl is 10 mm and 5 mm, respectively. The dimensions of the double stub matching network are optimized to obtain the minimum return loss at the n = −1 mode and the ZOR mode. The measured results are in Fig. 7(c) . A high qualitative agreement is observed. The slight frequency shifts are easily explained by the tolerances on the material parameters and the fabrication dimensions.
The pattern of the antenna is measured in an anechoic chamber and is shown in Fig. 8 . Note that the antenna displays a monopolar pattern at each resonant frequency. This is very attractive in many communication systems. The performance of the antenna is given in Table 4 n = −2 mode is very low, the antenna is proposed to operate at n = −1 mode and ZOR mode. The n = +1 mode is also matched at 3.37 GHz. It is possible to tune this mode to a desired frequency, but this is not considered in this design.
CONCLUSION
In this paper, the meta-loaded circular sector patch antenna topology is introduced. Several sector shapes are analyzed concerning resonant frequencies, input impedances, radiation efficiencies, and directivities. Since the operating frequency is chosen at the ZOR mode, all sector antennas considered have similar resonant frequencies and a similar radiation pattern. A semicircular sector patch antenna with microstrip impedance matching network is fabricated and measured. The simulated and measured results coincide very well and show that the antenna radiates efficiently as a monopole. A dual-band semicircular patch antenna is also designed and shows a quasi-monopolar pattern at both working frequencies.
